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Abstract:

Implosions of thin-shell capsules produce strongly-shocked (M > 10), low-density (ρ ∼
1 mg/cc), high-temperature (Ti ∼ keV) plasmas, comparable to those produced in the
strongly-shocked DT-vapor in inertial confinement fusion (ICF) experiments. A series of
thin-glass targets filled with mixtures of deuterium and Helium-3 gas ranging from 7%
to 100% deuterium was imploded to investigate the impact of multi-species ion kinetic
mechanisms in ICF-relevant plasmas over a wide range of Knudsen numbers (NK ≡ λii/R).
Anomalous trends in nuclear yields and burn-averaged ion temperatures in implosions with
NK > 0.5, which have been interpreted as signatures of ion species separation and ion
thermal decoupling [H. G. Rinderknecht et al., Phys. Rev. Lett. 114, 025001 (2015)], are
found not to be consistent with single-species ion kinetic effects alone. Experimentally-
inferred Knudsen numbers predict an opposite yield trend to those observed, confirming
the dominance of multi-species physics in these experiments. In contrast, implosions with
NK ∼ 0.01 follow the expected yield trend, suggesting single-species kinetic effects are
dominant. The impact of the observed kinetic physics mechanisms on the formation of the
hotspot in ICF experiments is discussed.

1 Introduction

Understanding the evolution of the plasma during the shock transit phase is fundamen-
tally important for achieving ICF ignition, because the shock sets the initial conditions
for hotspot formation, compression, ignition and burn.[1] In the current ignition design
for ICF, four shocks compress the cryogenic deuterium-tritium (DT) fuel, then combine
into a single strong shock with Mach number ∼10–50.[2] This strong shock transits the
central gas, a DT-vapor with initial density 0.3 mg/cc, and converges at the center of the
implosion. However the plasma produced by the shock transit is both relatively low in
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density and high in temperature, because strong shocks compress a plasma only up to a
constant factor but heat the plasma proportionally to M2. These conditions produce long
ion-ion mean-free-paths, which scale as λii ∝ T 2/n ∝ M4. Quantitatively, the ion-ion
mean-free-paths in the shocked central plasma reach λii ≈ 100 µm, which is comparable
to the scale size of the experiment.[3] Such conditions are precisely those in which the
hydrodynamic assumptions begin to break down and kinetic physics becomes important.
Kinetic physics has been observed to impact the evolution and nuclear performance of
multi-species plasmas in computational studies,[4, 5, 6] although no fully kinetic model is
yet capable of simulating an entire ICF implosion.

ICF experiments are generally designed using radiation-hydrodynamic simulations
that iteratively solve the equations of motion for a single ion-species plasma. Recent im-
plosions varying the density of the fuel demonstrated that such simulations increasingly
overpredict the nuclear observables (e.g. fusion yield, ion temperature) as the ion-ion
mean-free-path in the fuel during burn increases.[7, 3] Defining the Knudsen number as
the ratio between the average ion-ion mean-free-path and the hot-spot radius during peak
nuclear production, NK = 〈λii〉/R, the nuclear yield was reduced relative to the hydro-
dynamic predictions by a factor of ∼ 0.1/NK , for NK > 0.1. This effect was reasonably
explained by two effects associated with the ion mean-free-path: the direct reduction of
the fusion reactivity by the loss of the energetic tail ions which dominate fusion;[8, 9, 10]
and the dilution and loss of fuel from the core due to ion diffusion into the shell plasma
during the implosion.[7, 11]

Recent experimental[12, 13, 14, 15, 16] and theoretical work[17, 18, 19, 20, 21, 4, 5]
has also investigated the impact of multiple ion species on ICF implosions. Deuterium-
3He gas-filled implosions relevant to the shock phase of ICF have demonstrated that
simulations increasingly overpredict the nuclear yield as the fraction of 3He in the fuel is
increased.[16]. For high-density implosions with moderate Knudsen numbers (NK . 1),
diffusive separation of the ion species was found to be dominant. Low-density implosions
(NK ∼ 10) demonstrated evidence of thermal decoupling between the two ion species.

The effects of long mean-free-paths and multiple ion species have so far been studied
separately. However, because the mean-free-path for a given ion depends upon the charge
and mass of all species in the plasma, the effects long mean-free-paths will couple to ion
concentration. The mean-free-path for an ion of species j interacting with species k is
given by the formula:

λj,k =
3

4π

(
4πε0
e2ZjZk

)2
T 2mj

nkmr ln Λ
, (1)

where Zj,k are the ionization states, mj,k the ion masses and mr the reduced mass, T the
ion temperature of both species, nk the field ion density, and ln Λ the Coulomb logarithm.
When multiple species are present, the total mean-free-path for species j is the inverse

sum of the mean-free-path relative to all species: λj =
[∑

k λ
−1
j,k

]−1
. The mean-free-path

for different species therefore remain distinct regardless of the concentration, such that
any effects due to long mean-free-paths will impact each species separately. Moreover,
the average mean-free-path can vary strongly with the ion concentration, if species with
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different charges are present. For example, assuming thermalized ion species and ignoring
variations in the Coulomb logarithm, the scaling of the mean-free-path for deuterons and
3He in a plasma with constant mass density ρ can be calculated as a function of the
deuterium fraction, fD ≡ nD/(nD + n3He):

λD =
10 (3− fD)

(24− 19fD)
λC , λ3He =

5 (3− fD)

8 (5− 4fD)
λC , (2)

where the constant of proportionality λC = (3/4π)(4πε0/e
2)2T 2mp/(ρ log Λ). While the

deuteron mean-free-path is always 3.3× that of a 3He ion to within 5%, the mean-free-
path for each species increases by greater than 3× as fD increases from 0 to 1.This
reduced confinement with increasing deuterium fraction stems primarily from the decrease
in average field ion charge (λii ∝ 〈Z〉−2), partially balanced by an increase in the ion
number density as the mass density is held constant. An average mean-free-path for
the plasma, calculated by weighting the species-specific mean-free-paths by their relative
concentration, is more than a factor of 10 greater for the pure deuterium plasma than for
pure 3He. Because of this strong dependence of NK on fD, experimental studies must be
careful to distinguish between observed trends due to the (in principle) “single-species”
effects of large NK and the multi-species effects dependent on fD.

Data from D3He-gas filled implosions with low and high Knudsen numbers and vary-
ing deuterium fraction illuminate the interaction of the two previously studied classes of
kinetic phenomena – long mean-free-path effects and multi-species effects – and demon-
strate that different physics dominates the observed nuclear performance trends in the
low- and high-NK regimes. In this paper, Section 2 describes the design of experiments
to probe kinetic fuel dynamics as a function of Knudsen number and fuel concentration.
The results are presented in Section 3 and discussed in Section 4. Finally, the relevance
of these results to ICF hotspot formation is discussed in Section 5.

2 Experimental Design

The experiments were performed in two campaigns at the 60-beam OMEGA laser facility.[22]
In the first campaign, spherical glass capsules with a diameter of 860 µm, a wall thick-
ness of 2.2 µm, and glass density of 2.15 g/cm3 were filled with various concentrations of
D2 and 3He gas. The atomic deuterium fraction [fD ≡ nD/ (nD + n3He)] of the gas fills
ranged from 1 (pure deuterium) to 0.07 (3He-rich), while maintaining a constant initial
mass density of ρ0 = 0.4, 1.5, or 3.3 mg/cc.The capsules were imploded by direct laser
drive, using a laser pulse with 23 TW peak power and either 0.6 ns (low, high density) or
1.0 ns (mid density) duration. These implosions produced hot (〈Ti〉 ∼ 10–20 keV) plasmas
with low ion density, generating extremely kinetic conditions, with Knudsen numbers in
the range NK ∼ 0.5–20.

In the second campaign, gold hohlraums with 1.6 mm diameter, 2 mm length, and
0.8 mm diameter laser entrance holes were used to indirectly drive thin glass shell targets
filled with either pure deuterium or 50:50 D:3He-gas. The capsules had an outer diameter
of 625 µm, 5.1 µm thick walls, and a fill gas density of 6.1 mg/cm3. Forty beams containing
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17.6 kJ in a 1 ns square impulse drove the hohlraums. Due to the reduced efficiency of
indirect drive and the increased gas density, these implosions produced cooler (〈Ti〉 ∼ 2–
6 keV), denser plasmas with Knudsen numbers on the order of NK ∼ 0.01.

In both series of experiments, the shell burns through prior to shock rebound and
the compression of the fuel by remaining shell mass is minimal. For this reason the
experiments probe the shock-phase dynamics of plasmas relevant to the central DT-plasma
at the beginning of the deceleration phase in laser-driven ICF designs. By comparing
the results of experiments in which the Knudsen number ranges from 0.01–10 and the
deuterium fraction from 0.07–1.0, the relative importance and impact of mean-free-path
scale effects (such as the Knudsen tail ion loss) and multi-species effects (such as ion
species separation and thermal decoupling) is studied.

3 Experimental Results

Comprehensive nuclear diagnosis was performed to study the fuel dynamics in these
implosions. For all experiments, yields of DD-fusion neutrons (2.45 MeV) were mea-
sured using the neutron Time-of-Flight (nTOF) diagnostic suite.[23] Yields and spectra
of D3He-fusion protons (14.7 MeV) were recorded using the Wedge-Range-Filter pro-
ton spectrometers (WRF), as well as the Charged Particle Spectrometers (CPS1 and
CPS2) for the direct-drive implosions only.[24] Burn-averaged ion temperatures 〈Ti〉 were
inferred from the spectral widths of the nuclear products, after correcting for instrumen-
tal broadening.[25, 26] For the low- and high-density direct-drive implosions, the spatial
burn profiles of D3He-protons and DD-protons (3.0 MeV) were measured by penumbral
imaging.[27] The shell trajectory was recorded using time-resolved self-emission x-ray
imaging.[28] The measured yields and ion temperatures are shown in Table I.1

1D-radiation hydrodynamic simulations of the direct-drive implosions were performed
using the code HYADES[29] for comparison to the observed values. The simulations were
constrained using the measured laser absorption fraction (57%)[30] and DD-neutron and
D3He-proton nuclear-bang times (∼760 and 840 ps, respectively).[31, 32] The indirect-
drive implosions were simulated using a radiation-hydrodynamic code, constrained using
the hohlraum radiation drive as measured by the DANTE diagnostic,[33] which recorded
a peak radiation temperature of ∼244.8±1.4 eV, and the nuclear bang-time (0.92±0.1 ns)
as measured by the particle Time of Flight diagnostic (PTOF).[34]

The reduction in yield relative to 1D as a function of fuel density in similar shock-
driven experiments has been described previously;[7, 3] to study the trends with deuterium
fraction it is convenient to examine the ratio of measured to simulated yields (“Yield-over-
clean” or YOC), as shown in Fig. 1. The direct- and indirect-drive campaigns exhibit
clear, opposite trends in YOC with the deuterium fraction: while the direct-drive implo-
sion performance is reduced with smaller fD, the indirect-drive implosion performance is
reduced with greater fD. The trends in the direct-drive data were explained previously
by two effects: separation of the ion species by diffusion in the high-density implosions,

1The yield and temperature data from the low- and high-density direct-drive implosions were first
reported in Ref. [16].
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TABLE I: Experimental nuclear yields, burn-averaged temperatures, and
inferred Knudsen numbers (averaged over # shots).

Density fD # Yields 〈Ti〉DDn NK

mg/cc shots DD-n D3He-p keV
6.08 1 3 (4.9±0.4)e8 2.6±0.4 0.050±0.017

(Indirect) 0.5 3 (1.7±0.2)e8 (6.8±0.4)e6 2.9±0.9 0.018±0.010
3.29 1 2 (2.1±0.2)e11 10.8±0.4

0.8 1 (1.2±0.1)e11 (2.6±0.3)e10 10.9±0.5 1.16±0.19
0.5 2 (2.3±0.2)e10 (3.0±0.2)e10 11.9±0.6 0.69±0.11

1.45 1 3 (1.7±0.2)e11 12.0±0.6 1.30±0.67
0.46 3 (1.8±0.2)e10 (3.8±0.6)e10 13.3±0.6 0.42±0.12
0.07 4 (3.5±0.5)e8 (8.7±0.8)e9 14.2±2.3 0.22±0.08

0.39 1 3 (3.2±0.6)e10 18.6±0.4 18.5±3.8
0.8 1 (2.0±0.2)e10 (2.5±0.2)e10 18.5±0.5 9.4±1.4
0.5 2 (5.1±0.3)e9 (2.5±0.2)e10 17.6±1.7 5.1±2.2
0.2 2 (7.0±1.1)e8 (1.2±0.2)e10 19.3±2.1 4.1±0.6

and thermal decoupling of the ion species in the low-density implosions.[16] The contrast-
ing trend suggests that neither of these effects dominates the loss of performance in the
indirect-drive implosions, and another explanation is required.

The dominant difference between these campaigns is the collisionality of the fuel,
which is quantified by the Knudsen number. A “burn-averaged Knudsen number” 〈NK〉 ≡
〈λii〉/Rburn ∝ 〈Ti〉2/〈ni〉Rburn may be calculated using the measured burn-average tem-
peratures, radial convergence, and the inferred fuel density during burn 〈ni〉.For eight low-
and two high-density direct-drive implosions, a burn-average ion density was calculated
from the measured nuclear yield, temperature, burn-history and burn volume data, as
described in Ref. [16]. On the mid-density direct-drive campaign, since penumbral images
were not recorded, the density of the fD = 1 implosions was calculated using the inferred
areal density at burn ρRburn from the secondary D-T and D-3He fusion yield,[35, 36] as-
suming that density scales with convergence cubed. For the remainder of the mid-density
shots, the density was calculated assuming the same average convergence as for the deu-
terium shots. On the indirect-drive campaign, yields were too low to record nuclear
images. Instead, the radius at bang-time Rbang ∼ 230 µm was inferred from self-emission
x-ray radiographs, and the density was calculated from the initial density ni,0 using the
scaling relation: 〈ni〉 = ni,0(Rbang/R0)

3. These calculated values are shown in Figure 2
for each shot; average quantities are listed in Table I. The theoretical trend of 〈NK〉 with
fD is calculated using Eqns. 2 and fits are included in Fig. 2; the predicted trends match
well the trends in the experimental data.
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FIG. 1: Measured nuclear yields divided by simulated yield (“Yield-over-clean”) for direct-
drive implosions with fuel density 3.3 (red �), 1.5 (green 4), and 0.4 mg/cc (blue ◦),
and for indirect-drive implosions with fuel density 6.1 mg/cc (black �). Solid indicates
DD-neutrons; open, D3He-protons. Calculated volume-averaged Knudsen reactivity reduc-
tion for DD-n (×) and D3He-p (+) in the indirect-drive implosion conditions are shown.
Dashed lines are included to guide the eye.

4 Discussion

Based on Knudsen-layer theory, pure deuterium implosions would be expected to un-
derperform compared to the D3He-filled implosions: Equation 2 predicts the deuterium
Knudsen number to increase by a factor of 2.32× from fD = 0.5 to pure deuterium, or
from NK ∼ 2.2% to ∼5.0% based on the values inferred from data. This predicted trend
is observed in the indirect-drive implosions.

To estimate the impact of Knudsen-layer tail ion loss on the yields in these experiments,
the spherical geometry must be taken into account. The values of 〈NK〉 shown in Fig. 2
are for the center of the plasma, but the local Knudsen number (and associated reactivity
reduction) will in general be larger as the bulk of the plasma volume is closer to the wall.
The volume-averaged reactivities in the conditions of the indirect-drive experiments was
calculated using the modified distribution functions presented in Ref. [9] and assuming
a uniform spherical plasma in which the local Knudsen number scales inversely with
distance to the nearest boundary.[10] This calculation indicates that the volume-averaged
reactivity is reduced from 63% of the Maxwellian reactivity for the 50:50 D:3He case to
23% for the pure deuterium. The calculated result is in good agreement with the observed
yields-over-clean, as shown in Fig. 1, suggesting that Knudsen-layer reactivity reduction
is the dominant effect producing the observed trends in the low-NK experiments. Note
that the reduction with increased fD is accentuated by the changing composition of the
background plasma, which affects the shape of the modified distribution functions.

In contrast, the opposite trend is observed in the direct-drive data, for which the
implosions with increased deuterium perform better than D3He mixtures. In previous
work, these trends have been successfully explained by diffusive separation of the fuel
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FIG. 2: Inferred burn-averaged Knudsen numbers for direct-drive implosions with fuel
density 3.3 (red �), 1.5 (green 4), and 0.4 mg/cc (blue ◦), and for indirect-drive im-
plosions with fuel density 6.1 mg/cc (black �); points spread out for clarity. Knudsen
numbers increase with deuterium fraction in agreement with theory (dashed lines; abso-
lute value fit to data). The indirect-drive implosions are substantially more hydrodynamic
than direct-drive due to reduced energy coupling to the fuel.

ion species for the high-density case, and thermal decoupling of the ion species in the
low-density case.[16] Those explanations stand, however it is important to consider why
they dominate over the long mean-free-path mechanisms in the high-NK experiments.
The reactivity reduction formalism is perturbative in the suprathermal ions, and strictly
valid only in the regime NK � 1. When mean free paths become comparable to the
size of the fuel, fusion is no longer dominated by thermal processes, but rather by the
density and velocity of the radially-streaming bulk ion populations. As such, the Knudsen
number loses relevance as a metric for fusion reactivity. Instead, processes that modify
the plasma conditions prior to burn dominate the fusion output. These include ion species
separation, which concentrates 3He relative to D in the fuel during the implosion phase;
and thermal decoupling of the D and 3He in the shock, which alters the energy balance
between these two species. Both of those multi-species effects reduce the performance of
mixtures relative to pure fuels, as shown in the data.

5 Conclusion

Nuclear data from D3He-gas filled implosions with varying Knudsen number and deu-
terium fraction demonstrate a change in the regime of dominant kinetic physics impacting
the nuclear performance. Long mean-free-path effects, such as tail-ion-loss, dominate for
low Knudsen numbers (NK ∼ 0.01), while multi-species effects dominate for high Knudsen
numbers (NK & 0.5). This suggests that there exists an intermediate Knudsen-number
(NK ∼ 0.1) at which the effects of long mean-free-paths and of multi-species effects on
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the yield trend are balanced. A more thorough exploration of NK vs. fD space would be
valuable to identify this transition point.

In deuterium-tritium mixtures, which are the primary fuel mixture for efforts towards
fusion ignition, the mean-free-path of the two species is more comparable: the deuteron
mean-free-path λD is smaller than λT by a factor of ∼0.8. Because λD is smaller, the
average mean-free-path and the Knudsen number decrease with increased deuterium frac-
tion in DT when maintaining mass density. This trend is opposite of the trend in D3He;
as such, long mean-free-path effects and multi-species effects will both tend to reduce
performance of DT mixtures relative to pure deuterium. However, because of the reduced
magnitude of the NK trend with fD (∼1/3× as compared to ∼10×), deuterium-tritium
mixtures better decouple the effects of long mean-free-paths from multi-species dynamics,
making DT valuable for future physics studies.

The plasmas produced in this study are relevant to the shocked DT-vapor at the onset
of deceleration in ICF experiments, for which NK ∼ 0.2–0.8.[3] While the nuclear yield
at this phase of the experiment is negligible, the state of the central plasma is important
in establishing the trajectory of deceleration for the cold fuel. Standard hydrodynamic
methods assume the shocked vapor is isentropically compressed and heated by the ice
layer, and heat flow from the core ablates cryogenic fuel from the inner surface to form
the bulk of the hot spot mass. However the present work suggests that the distribution
function of core ions is already far from Maxwellian: assuming mean-free-paths are∼1/2 of
the core radius implies ∼7/8 of the core volume is within one mean-free-path of the wall.
In this scenario, hydrodynamic estimates of compressional heating and heat transport
will not apply. Instead, free-streaming particles will rapidly deposit their kinetic energy
in the cold fuel, or gain energy by reflection off the fuel without significantly reducing
fuel velocity. This will continue until energy loss from the core or increased density from
continuing compression and mass ablation reduce mean-free-paths to a point at which
hydrodynamics regains validity. This kinetic process in the hotspot will change the initial
conditions for fuel assembly and hotspot formation.

The impact of kinetic physics on hotspot formation as has been suggested by Vlasov
Fokker Planck simulations,[5] and may contribute to the observed low areal densities
and high ion temperatures of layered DT experiments at the NIF when compared to
hydrodynamic predictions. Experimentally, this hypothesis can be tested by varying the
Knudsen number of the initial DT vapor, which can be done using liquid DT layers.[37]
Improved understanding of the kinetic dynamics of hotspot formation through Vlasov-
Fokker-Planck or hybrid-PIC simulations will inform and support the continued use of
hydrodynamic tools to design an igniting ICF implosion.
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